O 6 -methylguanine is a miscoding DNA lesion arising from the alkylation of guanine. This report uses the bacteriophage T4 DNA polymerase as a model to probe the roles hydrogen-bonding interactions, shape/size, and nucleobase desolvation during the replication of this miscoding lesion. This was accomplished by using transient kinetic techniques to monitor the kinetic parameters for incorporating and extending natural and non-natural nucleotides. In general, the efficiency of nucleotide incorporation does not depend on the hydrogen-bonding potential of the incoming nucleotide. Instead, nucleobase hydrophobicity and shape complementarity appear to be the preeminent factors controlling nucleotide incorporation. In addition, shape complementarity plays a large role in controlling the extension of various mispairs containing O 6 -methylguanine. This is evident as the rate constants for extension correlate with proper interglycosyl distances and symmetry between the base angles of the formed mispair. Base pairs not conforming to an acceptable geometry within the polymerase's active site are refractory to elongation and are processed via exonuclease proofreading. The collective data set encompassing nucleotide incorporation, extension, and excision is used to generate a model accounting for the mutagenic potential of O 6 -methylguanine observed in vivo. In addition, kinetic studies monitoring the incorporation and extension of non-natural nucleotides identified an analog that displays high selectivity for incorporation opposite O 6 -methylguanine compared to unmodified purines. The unusual selectivity of this analog for replicating damaged DNA provides a novel biochemical tool to study translesion DNA synthesis.
Introduction
Most models accounting for efficient and faithful DNA polymerization invoke the importance of correct hydrogen-bonding interactions between an incoming nucleotide and its templating partner. The mutual recognition of adenine (A) by thymine (T) and of guanine (G) by cytosine (C) involves the ability of the DNA polymerase to consummate the formation of precise hydrogen-bonding interactions between each partner. In this model, specific pairing between hydrogen bonding groups provides high fidelity DNA polymerases with enough flexibility to recognize four distinct pairing partners (A:T, G:C, T:A, and C:G) while retaining enough stringency to maintain exquisite genomic fidelity. Indeed, replicative DNA polymerases display low error frequencies of ~1 mistake every 10 6 base pairs (1) , and this high degree of fidelity has historically been attributed to the utilization of these hydrogen bonding interactions. Further support of this model has been inferred by significant changes in the efficiency and fidelity of polymerization when the chemical composition and hydrogen-bonding interactions of a templating nucleobase are modified (2) (3) (4) . This is particularly evident with DNA lesions such as N 3 -methyladenine (5) , N 7 -methylguanine (6) , and O 6 -methylguanine (7, 8) that are formed by anti-cancer agents such as temozolomide and BCNU. Although these lesions can be corrected by various DNA repair pathways (9) (10) (11) , they sometimes escape repair and are misreplicated by DNA polymerases (12) (13) (14) (15) . O 6 -methylguanine (O 6 -MeG) is a particularly interesting lesion as the simple introduction of a methyl group results in a higher frequency of dTTP misincorporation events (12) (13) (14) (15) . If left unrepaired, the formed T:O 6 -MeG mispair can be further replicated to yield C:G to T:A transition mutations that can spark the initiation of genetic diseases such as cancer.
The preferential insertion of dTMP opposite O 6 -MeG is generally attributed to alterations to the hydrogen-bonding functional groups of guanine. Indeed, simple inspection of the structures provided in Figure 1A suggests that a T:O 6 -MeG base-pair possesses more favorable hydrogen-bonding interactions compared to C:O 6 -MeG. However, other biophysical features such as π-π stacking interactions, nucleobase hydrophobicity, and geometrical constraints are also likely to contribute to this process. Indeed, the addition of a methyl group to the O6 position of guanine produces a variety of effects including changes in nucleobase hydrophobicity, increasing the overall size and shape of the nucleobase, and changing its tautomeric form to influence π-π stacking interactions. As a consequence of these changes, the mechanism of nucleotide selection and incorporation opposite this DNA lesion may involve biophysical features that are distinct from simple hydrogen-bonding interactions.
This report examines the roles of hydrogen-bonding, shape complementarity, and nucleobase hydrophobicity during the misreplication of O 6 -MeG by measuring the kinetics of incorporation, extension, and excision of a series of natural and non-natural nucleotides. We used the bacteriophage T4 DNA as a model since it replicates unmodified DNA with incredibly high fidelity (16) (17) (18) . In addition, it is functionally homologous to eukaryotic DNA polymerases such as pol δ and pol ε that are involved in chromosomal replication (19) . We demonstrate here that the kinetic parameters for nucleotide incorporation opposite the miscoding O 6 -MeG lesion depend upon the base-stacking potential of the incoming nucleotide rather than hydrogen-bonding interactions. In contrast, extension beyond O 6 -MeG is influenced primarily by two biophysical parameters, interglycosyl distance and base angles, that define shape complementarity of the formed mispair. Perturbations in either parameter activates exonuclease proofreading activity that subsequently removes mispairs and prevents the propagation of possible genomic errors. Our analyses show that the "correct" C:O 6 -MeG pair is effectively excised while the incorrect T:O 6 -MeG mispair escapes detection and is elongated rather than degraded. These results demonstrate that unbalanced proofreading activity causes an overall kinetic flux favoring the stable incorporation of dTTP opposite O 6 -MeG. The collective data set is used to propose a new model explaining the pro-mutagenic behavior of O 6 -MeG.
Results

Kinetic Parameters for the Incorporation of dCMP and dTMP Opposite O 6 -Methylguanine
DNA polymerases utilize the multi-step pathway illustrated in Figure 2 to achieve efficient and accurate DNA synthesis (20) (21) (22) (23) . These steps include nucleotide incorporation (Step A), elongation of the incorporated nucleotide (Step B), and exonuclease-proofreading that can excise any misincorporated nucleotide (Step C). Of these three steps, nucleotide incorporation is considered to be the most important control point for maintaining fidelity. This step is further composed of several distinct microscopic kinetic events that include dNTP binding to the polymerase nucleic acid complex, a conformational change step that further aligns the incoming dNTP into a correct geometrical arrangement with its templating partner, and the phosphoryl transfer step that covalently attaches the incoming nucleotide to the primer ( Figure 2B ). Collectively, these kinetic steps provide an error frequency of 1 misincorporation event per 10 5 -10 6 turnovers during the replication of undamaged DNA (1).
To evaluate the contribution of these individual steps during translesion DNA synthesis, we measured kinetic dissociation constants (K d )* and maximal polymerization rate constants (k pol ) for the incorporation of dCTP and dTTP opposite O 6 -MeG using rapid quench chemical techniques (24) . Data provided in Figure 3A illustrate how the kinetics of polymerization are influenced as a function of increasing dCTP concentrations.^ All time courses were fit to the equation for a single exponential process to define k obs , the rate constant in product formation. The plot of k obs versus dCTP concentration is hyperbolic ( Figure 3B Table 1 .
Similar experiments were performed to define the kinetic parameters for correctly incorporating dCTP opposite G (Supplemental Figure 3) as well as for the misincorporation of dATP and dTTP opposite G (Supplemental Figures 4A and 4B, respectively) . Table 1 provides a summary of k pol , K d , and k pol /K d values for the correct and incorrect incorporation of natural nucleotides opposite O 6 -MeG, G, and A. Inspection of the collective data set shows that the overall catalytic efficiency for replicating O 6 -MeG is ~1,000-fold lower than that for replicating a correct C:G base pair. While this difference argues that the misreplication of O 6 -MeG is rather inefficient, it should be noted that the catalytic efficiency for incorporating dTTP opposite O 6 -MeG is ~100-fold higher than that for forming natural mispairs such as T:G. At face value, the higher efficiency for replicating O 6 -MeG provides an explanation for its pro-mutagenic behavior. However, the experimental sections * The measured values closely approximate a true dissociation constant (K d ) since reactions were performed using single turnover conditions and the rate limiting step for incorporation is likely to be the conformational change preceding phosphoryl transfer.
Despite the use of single turnover reaction conditions, denaturing gel electrophoresis data reveals that only 50% of DNA containing O 6 -MeG is elongated regardless of whether dCTP, dTTP, or mixtures of dCTP/dTTP are used (Supplemental Figure 1) . However, the inability to obtain 100% substrate turnover does not impact of the interpretations of experiments performed using single turnover reaction conditions since the rate constant in product formation is unaffected by the presence of DNA that cannot be elongated. This condition is not met using pseudo-first order reaction conditions as the presence of a non-usable DNA substrate will generate lower initial velocity rates that can lead to erroneous K m and/or k cat values.
described below demonstrate that mispair elongation and exonuclease proofreading activity contribute more significantly to the pro-mutagenic properties of O 6 -MeG.
Kinetic Parameters for Non-Natural Nucleotides Opposite O 6 -Methylguanine
The incorporation of several non-natural pyrimidine analogs opposite O 6 -MeG were also measured to further probe the roles of hydrogen bonding, shape complementarity, and nucleobase hydrophobicity during nucleotide selection. Initial attempts focused on Pnucleotide (((2R,3R,5R)-3-hydroxy-5-(7-oxo-7,8-dihydro-3H-pyrimido [4,5-c] [1,2]oxazin-6(4H)-yl)tetrahydrofuran-2-yl)methyl triphosphate) ( Figure 4A ) as this nonnatural nucleobase retains the same hydrogen-bonding functional groups of cytidine but is locked in a tautomeric form that resembles thymine. These biophysical features led us to predict that P-nucleotide would display a fast k pol value like dTTP and a low K d value like dCTP. As such, it is quite surprising that P-nucleotide is poorly incorporated opposite O 6 -MeG ( Figure 4B ), displaying a low catalytic efficiency of 2*10 4 M 1 sec 1 that is caused primarily by poor binding affinity (K d >500 μM).
The kinetic parameters for Zebularine ( Figure 4A ), a cytidine analog containing a 2-(1H)-pyrimidone ring, were next measured. Zebularine is also poorly incorporated opposite O 6 -MeG, displaying a k pol /K d value of 170 +/− 50 M 1 sec 1 (data not shown). In this case, the poor catalytic efficiency is caused by a high K d value of 660 +/− 100 μM coupled with a low k pol value of 0.11 +/− 0.03 sec 1 . The final non-natural nucleotide tested was 4-methylpyrimidone-2′-deoxynucleoside triphosphate (4-MePoTP) ( Figure 4A ). While 4-MePoTP is similar in shape and size to dCTP and dTTP, it is considerably more hydrophobic due to the substitution of a methyl group for the -NH 2 group of dCTP and the keto oxygen of dTTP. Although 4-MePoTP lacks two key hydrogen bonding groups, it is efficiently incorporated opposite O 6 -MeG ( Figure 4C ). In fact, the k pol /K d value of 89,000 M 1 sec 1 is ~3-fold higher than that measured for dCTP and only 1.7-fold lower than dTTP. The k pol for 4-MePoTP is relatively fast at 18 sec 1 while the K d value is ~200 μM. Although the K d value of 200 μM is still high, it is significantly lower than values measured for nucleotides such as dTTP (700 μM), P-nucleotide (>500 μM), and Zebularine (660 μM) which contain hydrogen-bonding groups.
Elongation Beyond Properly Paired and Mispaired Primer/Templates
After incorporation opposite a DNA lesion, polymerases have the opportunity to extend beyond the formed mispair to propagate a potential genomic error ( Figure 2A ). Using the experimental protocol outlined in Figure 5A , we tested the ability of the exonucleasedeficient bacteriophage T4 DNA polymerase to extend beyond O 6 -MeG. In these experiments, 1 μM gp43 exo was pre-incubated with 250 nM DNA containing O 6 -MeG for 10 seconds and then supplied with 100 μM natural nucleotide (dCTP or dTTP) or 500 μM non-natural nucleotide (P-nucleotide, Zebularine, 4-MePoTP) for time intervals that allow for significant insertion opposite the lesion. After this time, 100 μM dGTP was added to initiate elongation beyond the lesion. Representative gel electrophoresis data provided in Figure 5B (left panel) shows that the exonuclease deficient T4 DNA polymerase (gp43 exo ) effectively extends beyond all natural and non-natural mispairs formed with O 6 -MeG.
To further quantify differences between correct and translesion DNA synthesis, we used rapid quench techniques to monitor extension reactions on short time intervals ranging from 0.005 to 5 seconds. DNA synthesis on an undamaged DNA template is highly efficient as the 13-mer is completely and rapidly elongated to the expected 17-mer ( Figure 6A ). Kinetic simulations were performed as previously described (25) on the time courses provided in Figure 6B to define rate constants for each extension step (k ext ). As expected for correct DNA synthesis, the k ext values for all elongation events on undamaged DNA are extremely fast, ranging from 50 to 200 sec 1 .
k ext values for extending T:O 6 -MeG or C:O 6 -MeG were next measured to identify potential differences in propagating these potential mismatches. Time courses for elongation beyond a T:O 6 -MeG mispair are provided in Figure 6C and were fit using the k ext values listed in Table 2 . It is noteworthy that extension beyond T:O 6 MeG is remarkably efficient as the k ext of ~50 sec 1 is only 2-fold slower than that measured for extending a correct C:G base pair. Similar analysis monitoring elongation beyond C:O 6 -MeG (data not shown) yields a k ext value of 2.5 sec 1 (Table 2) . Thus, elongation of a C:O 6 -MeG base pair is ~40-fold slower than that for extending beyond a correct C:G base pair and ~25-fold slower than extending beyond a T:O 6 -MeG.
Rate constants for extending beyond T:G and A:G mispairs were also measured to compare the efficiency for misreplicating natural mispairs to those containing O 6 -MeG. Extension beyond an A:G mispair is not observed even after a reaction time of 5 minutes. In contrast, a T:G mispair is extended far more efficiently as products corresponding to 17-mers are observed within 5 seconds(data not shown). The time courses in elongating a T:G mispair were best fit using the k ext values reported in Table 2 . It is particularly interesting to note that a T:G mispair is extended significantly slower than a T:O 6 -MeG mispair (compare 2.7 sec 1 versus 50 sec 1 , respectively).
Similar experiments monitored the ability of wild-type T4 DNA polymerase (gp43 exo + ) to extend natural and non-natural mispairs containing O 6 -MeG. Gel electrophoresis data provided in Figure 5B (right panel) shows that the proofreading capabilities are dependent upon the nature of the formed mispair. For example, gp43 exo + easily extends T:O 6 -MeG mispair yet elongates the C:O 6 -MeG mispair far less proficiently, even when supplied with high concentrations of dGTP (500 μM). The reduced efficiency for extending C:O 6 -MeG is likely caused by rapid removal of dCMP which precludes dGTP incorporation at the next correct templating position. Similar results are observed when P-nucleotide and Zebularine paired opposite O 6 -MeG. Close inspection reveals that gp43 exo + extends beyond Pnucleotide with an efficiency similar to dCTP while Zebularine is not extended at all. It should be emphasized that the degradation of P-nucleotide is not caused by introducing additional bulk to the nucleobase since P-nucleotide is efficiently elongated when paired opposite guanine (Supplemental Figure 5 ). However, the most surprising result is the ability of gp43 exo + to extend beyond 4-MePoTP where paired opposite O 6 -MeG. In fact, 4-MePoTP is extended as effectively as T. This result provides the first evidence for the facile replication of a non-natural base pair even in the presence of vigorous exonuclease proofreading.
Discussion
O 6 -methylguanine is a promiscuous and highly pro-mutagenic DNA lesion as dTTP is typically incorporated more efficiently that the "correct" nucleotide, dCTP. Attempts to reconcile this promiscuous behavior have primarily focused on correlating the kinetic parameters of nucleotide incorporation with perturbations in hydrogen bonding interactions. The preferential incorporation of dTTP is argued to reflect more favorable hydrogen bonding patterns made between the T:O 6 -MeG mispair compared to that for C:O 6 -MeG ( Figure 1A ). Indeed, our data obtained with the high fidelity bacteriophage T4 DNA polymerase also illustrates that dTTP is utilized with a 5-fold higher catalytic efficiency than dCTP. Similar results have been reported with other high-fidelity DNA polymerases including the bacteriophage T7 polymerase (26) and the eukaryotic polymerases, pol δ (27, 28 (29) . Although dCTP binds with higher affinity, the measured k pol of 1.5 sec 1 is significantly slower than that of 114 sec 1 measured using dTTP. Collectively, the differences in the K d values indicate that dNTP binding, at least with the high-fidelity bacteriophage T4 DNA polymerase, is not directly governed by hydrogen bonding interactions. However, it is possible that k pol values are more sensitive to proper hydrogen bonding contacts made during the conformational change step that precedes phosphoryl transfer. In particular, the faster k pol of 114 sec 1 measured with dTTP could reflect optimal hydrogen bonding interactions that facilitate a rate-limiting conformational change step (30, 31) whereas the slower k pol value could reflect non-optimal hydrogen-bonding interactions between dCTP and O 6 -MeG that reduces the rate of this kinetic step.
The role of hydrogen bonding interactions was interrogated further by measuring K d and k pol values for non-natural nucleotides opposite O 6 -MeG and undamaged purines. The kinetic parameters summarized in Table 1 indicate that while hydrogen bonding interactions are important for correct DNA synthesis, there are dispensable for efficient translesion DNA synthesis. This is perhaps best illustrated by examining the utilization of P-nucleotide, a pyrimidine analog that has the same hydrogen-bonding functional groups of cytidine but that is locked in a tautomeric form resembling thymine. These features allow P-nucleotide to be incorporated opposite either G or A with high catalytic efficiencies approaching 10 6 M 1 sec 1 . However, P-nucleotide is incorporated poorly opposite O 6 -MeG despite the fact that it possesses the same tautomeric form and hydrogen-bonding capabilities as dTTP. In fact, the catalytic efficiency for incorporating P-nucleotide opposite O 6 -MeG is ~7-fold lower than that measured for dTTP. Similar results are obtained with Zebularine, an analog resembling dCTP, as it is also a poor nucleotide substrate for O 6 -MeG. In this case, the k pol / K d for Zebularine is ~100-fold lower than dCTP. In general, the poor catalytic efficiency for either non-natural nucleotide suggests that efficient incorporation does not correlate with the capacity to form favorable hydrogen bonds with O 6 -MeG.
This argument is strengthened by the observation that 4-MePoTP, an pyrimidine analog that lacks key hydrogen bonding groups, is incorporated opposite O 6 -MeG with a surprisingly high catalytic efficiency of 89,000 M 1 sec 1 . In this case, the increase in nucleobase hydrophobicity coupled with adequate shape complementarity between 4-MePoTP and O 6 -MeG generates favorable conditions for nucleotide binding and incorporation. This argument makes intuitive sense as alkylation of guanine makes the templating base more hydrophobic. Indeed, "hydrophobic" nucleotides such as dTTP and 4-MePoTP are incorporated with higher catalytic efficiencies compared to more "hydrophilic" nucleotides such as dCTP, P-nucleotide, and Zebularine. This conclusion is consistent with reports indicating that interactions between two hydrophobic nucleobases are stronger than those made between mixed base pairs, i.e., a hydrophobic base paired with a hydrophilic base (32) (33) (34) (35) . This mechanism is further corroborated by the results presented here demonstrating that the hydrophobic nucleotide, 4-MePoTP, is poorly incorporated opposite either a templating G or A due to unfavorable enthalpic interactions of a hydrophobic nucleobase with one that is hydrophilic. Likewise, P-nucleotide, which is relatively hydrophilic, is poorly incorporated opposite the hydrophobic miscoding lesion but efficiently incorporated opposite natural purines.
While these results highlight the consequences of nucleobase modification on polymerization fidelity, they also have practical applications. In particular, the results here demonstrate that 4-MePoTP is 100-fold more selective for incorporation opposite O 6 -MeG than natural nucleobases such as A or G (Figure 7) . The unusual selectivity of 4-MePoTP for this lesion suggests that it could be used as a reagent in PCR to selectively amplify DNA containing O 6 -MeG. This is possible since the non-natural nucleotide is efficiently elongated when paired opposite the miscoding lesion, even in the presence of vigorous exonuclease proofreading capabilities. In addition, this non-natural nucleotide could be used as a chemical tool to specifically monitor the misreplication of O 6 -MeG that exists in genomic DNA. We are actively exploring these potential research areas to generate novel tools for synthetic biology.
Mispair Extension is Influenced by Shape Complementarity
While the catalytic efficiencies for incorporating dTTP versus dCTP opposite O 6 -MeG differ, more significant variations exist in the efficiency for elongating either mispair. Specifically, extension beyond T:O 6 -MeG is 20-fold faster compared to C:O 6 -MeG (k ext of 50 sec 1 versus 2.5 sec 1 , respectively). These kinetic differences are likely caused by perturbations in overall shape complementarity of the formed mispair, a model originally proposed by Kool and colleagues to account for replication in the absence of hydrogenbonding interactions (36, 37) . For extension kinetics, we attribute shape complementarity to reflect optimal interglycosyl distances (length between the C1′ of either ribosyl group in the base pair) coupled with symmetrical base angles (angle between the C1 of ribose with the N9 of a purine or N1 of pyrimidine). As summarized in Table 3 , values that correspond to interglycosyl distance and bond angles vary significantly between correct and mismatched base pairs. For example, proper A:T and G:C base pairs have an interglycosyl distance of 10.4Å and symmetrical base angles of ~55°. These parameters define the optimal geometry of a typical Watson-Crick base pair which are consistent with fast k ext values of 100 sec 1 . It is clear that mispairs that have changes in bond angle and/or interglycosyl distance have reduced k ext values. However, a closer inspection of the data reveals that perturbations in the size of the mispair may play a more significant role in hindering mispair elongation compared to alterations in nucleobase angles. This is evident as a purine:purine mismatch (A:G), which possesses a larger interglycosyl distance of 12.5Å, is not elongated while a pyrimidine:purine mismatch (T:G) that has a smaller interglycosyl distance of 10.4Å is elongated despite having asymmetric perturbations in nucleobase angles of 42° and 70°, respectively. Based upon this analysis, it is not surprising that T:O 6 -MeG is efficiently extended (k ext = 50 sec 1 ) as the interglycosyl distance of 10.5Å and nucleobase angles of 53° resemble the parameters for a natural base pair. In contrast, the C:O 6 -MeG base pair shows significant perturbations in bond angles (asymmetry of 66° and 43°) and interglycosyl distance (11.4Å), and these perturbations coincide with a lower k ext of 2.5 sec 1 . The importance of these features on pro-mutagenic synthesis is discussed further within the context of exonuclease proofreading (vide infra). However, one interesting exception to this characterization is the facile elongation of 4-MePo when paired opposite O 6 -MeG. In this case, extension beyond this mispair should not occur since the interglycosyl distance of 10.8Å is larger than 10.4Å for a correct base pair. This dichotomy could reflect inherent limitations in the software used to calculate interglycosyl distances as enthalpic contributions mediated by hydrogen-bonding interactions are weighted heavily in these calculations. An alternative possibility is that this non-natural base pair is flexible and can adopt different conformations that allow for subsequent elongation. This explanation is based upon recent structural studies of the thermostable BacillusDNA polymerase I during the replication and extension of this miscoding nucleobase (15) . These studies reveal that O 6 -MeG in the template can adopt distinct configurations that are essential for efficient elongation. When the polymerase is bound with a template O 6 -MeG paired opposite an incoming ddTTP or ddCTP, the methyl group of the miscoding lesion is pointed toward the Watson-Crick face and is interposed between the O-6 group of guanine and the carbonyl oxygen (O-4) of thymine or the amine group of cytosine. Although this result conflicts with published NMR studies (38) , it is consistent with X-ray structures of DNA alone indicating that the methyl group of O 6 -MeG is oriented in the syn configuration and pointed towards the templating nucleobase (39) . Regardless, the structures of polymerase:DNA complexes reveal that both base pairs containing O 6 -MeG adopt a conformation that is nearly identical to a correct C:G base pair, the key exception being that the lesion is slightly twisted out of plane (15) . However, more important differences are observed in the structures of the polymerase bound to either elongated mispair (15) . In these structures, the methyl group of O 6 -MeG is still pointed toward the thymine carbonyl of the extended T:O 6 -MeG mispair. However, a change from B-to A-form DNA occurs upon binding of the polymerase and generates enough space for the methyl group to form weak yet favorable interactions with the carbonyl oxygen of thymine. In contrast, the position of the methyl group is not defined in the C:O 6 -MeG pair, suggesting that it can adopt both syn-and anti-configurations. The difference in methyl group orientation provides a reasonable molecular explanation as to why C:O 6 -MeG is degraded while C:O 6 -MeG and 4-MePo:O 6 -MeG are elongated even in the presence of exonuclease proofreading. Additional studies are needed to evaluate the structural features of DNA containing 4-MePo paired opposite O 6 -MeG to further interrogate this mechanism.
Lapses in Exonuclease Proofreading Enhance Pro-Mutagenic DNA Synthesis
The pro-mutagenic potential of O 6 -MeG is often attributed to defects in polymerization fidelity (12) (13) (14) (15) . We argue that the 5-fold higher catalytic efficiency for incorporating dTTP is not enough to entirely account for the pro-mutagenic behavior of this miscoding DNA lesion. Instead, a more significant effect is caused by the preferential elongation of T:O 6 -MeG mispair compared to the "correct" C:O 6 -MeG. It is indeed striking that the wild-type DNA polymerase efficiently extends the pro-mutagenic T:O 6 -MeG base pair while it rapidly degrades the correct C:O 6 -MeG pair. The decision to extend rather than degrade the mispair appears intimately linked with perturbations in the interglycosyl distance and/or base angles of the formed mispair. As before, the T:O 6 -MeG mispair is elongated since these parameters closely mimic a correct C:G base pair whereas the correct C:O 6 -MeG pair is degraded as these parameters are significantly perturbed. This information has a significant impact on genomic fidelity as unbalanced proofreading activity generates an overall net flux that favors the stable incorporation of dTTP opposite O 6 -MeG. In the mechanism outlined in Figure 8 , defects in nucleotide excision amplify the minimal effects caused by the preferential incorporation of dTTP. This predicts that the T:O 6 -MeG pair would misreplicated during the next round of replication to generate a T:A pair in one DNA strand while the T:O 6 -MeG mispair would be regenerated on the other.
It is interesting that replication of O 6 -MeG by high-fidelity polymerases is error-prone and contrasts the activity of specialized DNA polymerases such as Dpo4 (40) and eukaryotic DNA polymerases including pol η (41) and Rev1 (42) that catalyze error-free synthesis via the preferential incorporation of dCTP opposite the lesion. Although pol κ does not incorporate opposite O 6 -MeG, it does participate in the elongation of O 6 -MeG during errorfree DNA synthesis (43) . The dichotomy in polymerase function during error-prone versus error-free synthesis has an important impact on the cellular maintenance of genomic integrity, especially in the context of current models accounting for translesion DNA synthesis. There are two contemporary models describing how DNA polymerase activity is coordinated during the by-pass of certain DNA lesions. These models, outlined in Figure 9 , are based primarily on genetic and biochemical data for the replication of large, bulky DNA lesions such as thymine dimers (44) (45) (46) (47) . In one model, a replicative DNA polymerase incorporates a nucleotide opposite the lesion while extension is catalyzed by a specialized polymerase such as pol ζ. The second model differs in that the replicative polymerase does not incorporate opposite the lesion. Instead, a specialized polymerase such as pol η is recruited to correctly incorporate two dAMPs opposite the 3′ and 5′-thymine of the thymine dimer. Although this initial specialized DNA polymerase may extend beyond the lesion, an "extender" polymerase is typically invoked for efficient elongation. In both models, chromosomal replication is re-initiated by the re-binding of the replicative polymerase. While it is clear that the activity of specialized DNA polymerases is required to by-pass bulky lesions, the data provided here argues that this complex mechanism is not necessary when smaller, miscoding DNA lesions such as O 6 -MeG are encountered. This is evident as O 6 -MeG can be efficiently by-passed by the high-fidelity bacteriophage T4 DNA polymerase. As such, specialized DNA polymerases would not be not be needed to maintain the continuity of DNA replication during the by-pass of miscoding DNA lesions. However, the ability of specialized DNA polymerases to perform error-free DNA synthesis on these lesions may be essential to maintain genomic integrity. Further studies are clearly needed to deconvolute the mechanisms of lesion by-pass, especially considering that eukaryotes possess at least 15 different DNA polymerases (48) , the majority of which replicate different forms of DNA damage with varying degrees of efficiency and fidelity.
Although lapses in exonuclease proofreading allow for elongation of the pro-mutagenic T:O 6 -MeG mispair, it does prevent elongation of mispairs involving non-natural nucleotides such as P-nucleotide and Zebularine when paired opposite O 6 -MeG. The results using Zebularine are particular striking as exonuclease proofreading rapidly and completely removes the incorporated non-natural nucleotide to make extension essentially impossible. Based on this, it is surprising that 4-MePoTP is extended almost as effectively as the natural nucleotide, dTTP, when paired opposite O 6 -MeG even in the presence of vigorous exonuclease proofreading. Although the molecular mechanism accounting for this phenomenon is not clearly understood at this time, these data illustrate how pro-mutagenic consequences of a specific DNA lesion can be influenced by defective communication between polymerase and exonuclease active sites. In this case, communication between the polymerization and exonuclease domains of the phage polymerase appears to be regulated by a "rheostat" mechanism rather than a simple "on-off" switch. In this regard, the magnitude of exonuclease activity is controlled by a gradient in which structural features associated with the shape and geometry of a base pair are perturbed. Differences in base angles can be tolerated as long as the interglycosyl distance stays does not exceed a defined boundary of ~10.5Å. The details accounting for exonuclease activation are currently being explored by measuring the degradation of mispairs that differ with respect to interglycosyl distances and base angles.
Finally, these data also highlight the necessity of critically evaluating exonuclease proofreading activity in conjunction with polymerase activity to accurately define the promutagenic potential of a DNA lesion. The use of mutant DNA polymerases that are deficient in exonuclease proofreading can avoid technical complications associated with studying the mechanism for nucleotide incorporation opposite various DNA lesions. However, results generated from such studies may show a bias that does not accurately reflect in vivo conditions. Hence, caution should be used when attempting to interpret the results of studies examining replicative fidelity when using mutant DNA polymerases lacking exonuclease proofreading activity.
Materials and Methods
Materials
[γ-32 P]ATP was purchased from Perkin-Elmer. Unlabelled dNTPs (ultrapure) and were obtained from Pharmacia. MgCl 2 , Mg(OAc) 2 , and all buffers were from Sigma. All other materials were obtained from commercial sources and were of the highest available quality. The sequences of DNA substrates used in this study are provided in Figure 1B . Oligonucleotides, including those containing O 6 -MeG, were obtained from Operon Technologies (Alameda, CA) and Sigma-Genosys (The Woodlands, TX). Single-stranded and duplex DNA were purified and quantified as previously described (18) . Both wild-type and exonuclease-deficient D129A T4 DNA polymerase (Asp-219 to Ala mutation) were purified to homogeneity and quantified as previously described (49) .
Methods
DNA was labeled by one of two methods. In the first protocol, duplex DNA was reacted with γ-32 P-ATP and polynucleotide kinase at 37°C for 30 minutes, heated at 65°C for 10 minutes, and then slowly cooled to 25°C. In the second protocol, single-stranded 13-mer DNA was first reacted with γ-32 P-ATP and polynucleotide kinase at 37° C for 30 minutes. After heating the sample at 65°C for 10 minutes to thermally inactivate polynucleotide kinase, an equimolar amount of 20-mer template DNA was added. After an additional 10 minutes at 65°C, the reaction was slowly cooled to 25°C and used in subsequent assays.
The assay buffer used in all kinetic studies consists of 25 mM Tris-OAc (pH 7.5), 150 mM KOAc, and 10 mM 2-mercaptoethanol. All assays, including rapid quench experiments using the instrument described by Johnson (24) , were performed at 25°C. Polymerization reactions were monitored by analysis of the products on 20% sequencing gels as described by Mizrahi et al. (50) . Gel images were obtained with a Packard PhosphorImager. Product formation was quantified by dividing the amount of 32 P-labelled extended by the total amount of 32 P-labelled (extended and non-extended primer). This provides a ratio in product formation which is then corrected for background using the same ratio measured in the absence of polymerase (zero point). Corrected ratios are then multiplied by the concentration of primer/template used in each assay to yield total product. All concentrations are listed as final solution concentrations.
Single Turnover Nucleotide Incorporation Assays-gp43 exo (1 μM) was incubated with 250 nM DNA (13/20G-mer or 13/20MeG-mer) in assay buffer containing EDTA (100 μM) and mixed with variable dNTP concentrations (0.005-5 mM) and 10 mM MgAcetate. The reactions were quenched with 500 mM EDTA at variable times (0.005-60 sec) and analyzed as described above. Data obtained for single turnover DNA polymerization assays were fit to equation 1.
where A is the burst amplitude, k is the first order rate constant, t is time, and C is a defined constant. Data for the dependency of k obs as a function of dNTP were fit to the MichaelisMenten equation (equation 2) to obtain values of k pol , K d for dNTP, and k pol /K d . (2) where k obs is the observed first-order rate constant, k pol is the maximal rate constant of DNA polymerization, K d is the kinetic dissociation constant for dNTP, and dNTP is the concentration of nucleotide substrate.
Kinetics of Extension Beyond a Mispair-Extension beyond the O 6 -MeG lesion was performed under single turnover conditions using either wild type gp43 or gp43 exo . In these experiments, the rate constant for extending beyond O 6 -MeG were measured in which 1 μM gp43exo or gp43 exo + was mixed with 250 nM DNA, 10 mM MgAcetate, and 250 μM dCTP or 250 μM dTTP. An aliquot of the reaction was quenched with 200 mM EDTA to insure incorporation opposite the lesion. 25 μM dGTP was then added to initiate extension beyond the potentially pre-mutagenic base pair. The reactions were quenched with 200 mM EDTA at variable times (5-180 sec) and analyzed as described above. Identical reactions were performed to measure elongation beyond unmodified guanine.
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Abbreviations
Step 1 represents dNTP binding to the polymerase:nucleic acid complex.
Step 2 represents the conformational change prior to phosphoryl transfer.
Step 3 represents phosphoryl transfer.
Step 4 represents the conformational change after phosphoryl transfer.
Step 5 represents the release of the first product, pyrophosphate.
Step 6 collectively represents translocation of the enzyme to the next insertion position and binding of the next correct dNTP. Abbreviations are as follows: Pol = bacteriophage T4 DNA polymerase, DNA n = DNA substrate, Pol' = conformational change in DNA polymer ase, PP i = inorganic pyrophosphate, and DNA n+1 = DNA product (DNA extended by one nucleobase). All assays were performed using similar protocols described above using gp43 exo . (A) Kinetics of extension beyond a C:G base pair. 1 μM gp43 exo was preincubated with 500 nM 13/20G-mer, mixed with 10 mM Mg 2+ and 25 μM dCTP/25 μM dGTP to initiate the reaction, and quenched with 500 mM EDTA at variable times (0.005-0.15 sec). Reaction products are separated on a 20% denaturing polyacrylamide gel. Lanes demarcated as "0" depict unextended primer/template only. (B) The data obtained from gel electrophoresis show the sequential accumulation of products. Product formation is denoted as follows: ○ = 14-mer, • = 15-mer, ◇ = 16-mer, ■ = 17-mer, and ➌ = 18-mer. Fits of the data in product formation were generated using the rate constants denoted in Table 2 which were obtained through computer simulation of the data. (C) Time course for extension beyond a T:O 6 -MeG mismatch catalyzed by gp43 exo -. Product formation is denoted as follows: ○ = 14-mer, • = 15-mer, ➌ = 16-mer, ■ = 17-mer, △ = 18-mer, ▲ = 19-mer, and ◇ = 20-mer. The curves for product formation were generated using the rate constants denoted in Table 2 obtained through computer simulation (20) of the data. Representation of the selectivity factor for natural and non-natural nucleotides for incorporation opposite O 6 -methylguanine. Selectivity factor is defined as (k pol /K d ) O6-MeG / (k pol /K d ) G or A. As illustrated, 4-MePoTP displays a selectivity factor of ~100 for incorporation opposite O 6 -methylguanine whereas other nucleotides tested show selectivity factors of less than 1. Model for the coordination of polymerization and exonuclease activity during the misreplication of the miscoding DNA lesion, O 6 -methylguanine. See text for details. Models for correct and translesion DNA synthesis involving the coordinated activities of replicative and specialized DNA polymerases. See text for details. Table 3 Correlation between the elongation kinetics of correct and mismatched base pairs with their calculated biophysical parameters. b Interglycosyl distance refers to the shortest length between the C1′ of either ribosyl group in the base pair and loosely defines the geometry of helical DNA.
c Nucleobase angle refers to the angle between the C1 of ribose with the N9 of a purine or N1 of pyrimidine of a specific nucleobase.
